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The high-resolution photoabsorption spectrum of O2 below the O 1sσ−1 ionization threshold





u ) Rydberg state Fano lineshapes are observed indicating an interaction




u ) core-to-valence excited state. In the angularly resolved ion-
yield spectrum recorded at 90◦ relative to the polarization direction of the synchrotron radia-








u ) state was
found. This observation clearly suggests that Λ, the projection of total orbital angular momen-
tum on the molecular axis, is not well separated in the angularly resolved ion-yield spectrum due
to a partial breakdown of the axial-recoil approximation for these transitions. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4971240]
I. INTRODUCTION
The photoabsorption spectrum of O2 below the O 1sσ−1
ionization threshold is known to be very complex, mainly
because of two reasons. First, O2 in its ground state has an
open-shell structure and a total wave-function with a 3∑−g
symmetry. This leads in case of a O 1sσ−1 core ionization
to an interaction of the spins of the valence electrons and of
the remaining core electron, and as a result to the two ioniza-
tion thresholds O 1sσ−1 (2∑−) and O 1sσ−1 (4∑−) split by
1.04 eV.1 According to calculations both these thresholds
are further split by 7 meV and 50 meV, respectively, into the
components (∑−g ) and (∑−u ).1 Second, the antibonding reso-
nance O 1sσ−1g 3σ∗u(3
∑−
u ) is—contrary to most of the other
molecules—lying below the ionization threshold and interacts
strongly with the Rydberg states.
This complexity initiated numerous experimental and
theoretical investigations in the last three decades. Over
this period the photoabsorption spectra have been measured
by several groups using an experimental resolution that
improved considerably with time.2–6 Beside this, some groups
recorded symmetry-resolved photoabsorption spectra,7–10 res-
onant Auger spectra,6,10–14 or performed resonant inelastic
X-ray scattering (RIXS).15,16 These studies were comple-
mented by more and more sophisticated theoretical stud-
ies.6–8,17 All these studies allowed a general understanding
of the photoabsorption spectrum; however, some details are
still not fully explained.
Interestingly, none of the above mentioned extensive stud-
ies performed a detailed fit analysis of the photoabsorption
spectra. In the present approach we fill this gap by fitting both,
the total ion-yield spectrum and the angularly resolved partial
ion-yield spectra; in this way a number of new details were
identified. For example, we observed Fano lineshapes, which
are likely due to the interaction of a bound Rydberg state
a)Electronic address: puettner@zedat.fu-berlin.de
and the dissociative O 1sσ−1g 3σ∗u(3
∑−
u ) resonance. We also
found that the O 1sσ−1g 3σ∗u(3
∑−
u ) and the O 1sσ−1u 3sσg(3
∑−
u )
core-to-valence excitations are present in the ion yield spec-
trum measured at 90◦. This is not in line with the photoab-
sorption selection rules for the projection of the total orbital
angular momentum on the molecular axis, Λ. To angularly
resolved ion-yield spectra they are only applicable if the axial-
recoil approximation is valid, which is generally assumed
to be the case. As a consequence, the present findings sug-
gest a breakdown of the axial-recoil approximation for these
excitations.
Besides these new findings, the present study confirms
generally the assignments given by Tanaka et al.10 based on
symmetry-resolved photoabsorption and resonant Auger spec-
tra. However, we also show that some of the spectral features
assigned by Tanaka et al.10 show additional contributions,
which were not taken into account before.
II. EXPERIMENTAL SPECTRA, DATA ANALYSIS,
AND RESULTS
The O2 molecule possesses 16 electrons resulting in
the ground-state configuration 1σ2g1σ∗2u 2σ2g2σ∗2u 3σ2g1pi4g1pi∗2u
3σ∗0u (3
∑−
g ). Here, the molecular orbitals 1σg (2σg) and 1σ∗u
(2σ∗u) are mainly formed by the two O 1s (O 2s) atomic
orbitals, while the molecular orbitals 3σg, 1pig, 1pi∗u, and 3σ∗u
are formed by the six O 2p atomic orbitals. The “∗” indicates
the antibonding character of the orbitals.
Figure 1 shows the total ion-yield spectrum of O2
below the O 1sσ−1 threshold, consisting of the excitations
O 1sσ−1g 3σ∗u(3
∑−
u ), O 1sσ−1Ryd(3
∑−
u ), and O 1sσ−1Ryd(3Πu).
This spectrum was recorded at the soft x-ray PLEIADES
beamline18 dedicated to the spectroscopy of isolated species at
the SOLEIL Synchrotron in Saint-Aubin, France. The beam-
line optics has been optimized for ultrahigh spectral resolution,
to routinely achieve resonant photoemission measurements in
the sub-lifetime regime.19–22 The photon bandwidth achieved
is about 23 meV. The solid line through the data points
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FIG. 1. The total ion-yield spectrum of O2 below the O 1sσ−1 ionization
threshold (see Section II for details). The solid line through the data points
indicates the results of a simple fit approach, see text.
represents the results of a simple fit approach which uses the
fit results obtained for the 0◦ and the 90◦ spectrum, see below,
each multiplied with one weight factor.
As shown by Feifel et al.,6 a description of this energy
region in a diabatic model leads to a strongly dominating broad
peak with a width of approximately 4 eV, i.e., over the entire
energy range, due to the excitation to the antibonding 3σ∗u
orbital as well as to minor contributions of excitations to the
Rydberg orbitals. Contrary to these results obtained within the
diabatic approach, the experimental spectrum is dominated
in the energy range below 540.5 eV by a broad peak with a
width of approximately 1.5 eV, and in the range above this
value by narrow lines. These findings can only be explained
by a strong interaction of the O 1sσ−1g 3σ∗u(3
∑−
u ) state and the
O 1sσ−1Ryd(3∑−u ) states. This interaction explains both the
narrowing of the O 1sσ−1g 3σ∗u(3
∑−
u ) excitation from 4 eV in
the diabatic model to 1.5 eV in the experimental spectrum and
the strong intensity borrowing for the O 1sσ−1Ryd excitations.
In this situation the adiabatic approach is much more appro-
priate than the diabatic approach. The interaction also renders
the understanding of the spectra highly complicated.
However, for a full understanding of the O 1s photoab-
sorption spectrum, one has to take into account that there are
two types of Rydberg-valence mixing, which are described in
the textbook of Lefebvre-Brion and Field.24 In the first type of
interaction “the configurations of the Rydberg and the valence
states differ by two orbitals.”24 This type of mixing is weak,
and can be described with both the diabatic and adiabatic pic-
tures. As written in Ref. 24 “in the adiabatic approximation,
an electrostatic interaction takes place and mixes the vibra-
tional levels of these two states. In the adiabatic representation,
the coefficients of the two configurations vary with the (inter-
nuclear distance) R.” The fact that two different descriptions
are appropriate for this case is discussed in more detail by
Jasper et al.25 In the second type of interaction “the configura-
tions of the Rydberg and the valence states differ by only one
orbital.”24 In this case the interaction is much stronger and only
the adiabatic approximation is appropriate. As said in Ref. 24
“in this picture, only the orbital, not the configuration mixing
coefficients, changes with R.”
Interestingly, core-excited O2 exhibits both types of
Rydberg-valence mixing due to the gerade and ungerade sym-
metries of the O 1s core orbitals. Based on the dipole selection
rules for molecules with inversion symmetry the parity is
changed by the excitation, i.e., g → u or u → g. Because
of this, the valence orbital 3σ∗u can only be populated from
the O 1sσ−1g core orbital. The same holds for the npλu Ryd-
berg orbitals, so that the Rydberg-valence mixing between the
core-excited states O 1sσ−1g 3σ∗u and O 1sσ−1g npλu is of type 2.
This type of mixing is the origin for the narrowing of the
O 1sσ−1g 3σ∗u resonance from 4 eV in the diabatic represen-
tation to 1.5 eV in the adiabatic approximation as described in
the previous paragraph. Contrary to this, the nsλg and ndλg
Rydberg orbitals can only be populated from the O 1sσ−1u core
orbital leading to a much weaker Rydberg-valence mixing of
type 1. The present study will shed light on this weak type 1
mixing.
As mentioned above, the main idea of the present study
was to understand the photoabsorption spectrum of O2 on the
basis of a fit analysis. Due to the complexity of the spectrum
caused by various effects partially discussed above, differ-
ent parts of the spectrum are described with different models.
Although the models are mainly based on physical ideas, they
are partially also ad hoc approaches in order to estimate in the
fit analysis the contributions of some of the spectral features,
and to separate them from the contributions of other spectral
features.
In the following we shall first present the angularly
resolved ion-yield spectra taken at 0◦ and 90◦ relative to the
polarization of the synchrotron radiation, see Figs. 2(a) and
2(b), respectively. These spectra have been taken from Ref. 10,
which also describes the technique used to record them. In
brief, the angularly resolved ion-yield spectra were measured
at beamline 27SU of the synchrotron radiation facility SPring8
using two identical retarding-potential-type ion detectors.23
These detectors were mounted to detect fragment ions emitted
parallel or perpendicular to the polarization direction of the
light. A retarding potential of 6 V has been applied to each
detector for detecting ions with kinetic energies larger than
6 eV. The energy calibration of all spectra is also taken from
Ref. 10, with an accuracy of 40 meV for the photon energy
scale.
The angularly resolved ion-yield spectra in Figs. 2(a)
and 2(b) exhibit a simpler structure than the total ion-yield
spectrum since—based on Λ being a good quantum number
—the selection rules ∆Λ= 0 and ∆Λ= ±1 can be derived
for the 0◦ and 90◦ spectra, respectively. These selection rules
in combination with the 3∑ symmetry of the total ground state
wavefunction should lead solely to states with 3∑ symmetry
for the total wavefunction in the 0◦ spectrum and with 3Π sym-
metry in the 90◦ spectrum. We will show that, in the present
angularly resolved spectra, these expectations are not strictly
fulfilled for some excitations due to partial breakdown of the
axial recoil approximation. The detailed fit models for the indi-
vidual spectral regions of the angularly resolved spectra will
be described together with the discussion.
A. The 0◦ spectrum
1. The O 1sσ−1g 3σ∗u(3Σ−u ) and O 1sσ−1u 3sσg(3Σ−u )
excitations
The region between 538 and 540.5 eV is dominated by a
broad peak caused by the O 1sσ−1g 3σ∗u(3
∑−
u ) excitation. On top
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FIG. 2. The angularly resolved partial ion-yield spectrum of O2 below
the O 1sσ−1 ionization threshold measured at an angle of (a) 0◦ and
(b) 90◦ relative to the polarization of the synchrotron radiation. In both
panels the solid lines through the data points represent the fit results and
the dashed lines the background; for more details, see text. The sub-




u ) Rydberg exci-





Rydberg excitation (s5) exhibiting a Fano lineshape as well as vibrational

















u ) Rydberg states.





g )3ppiu(3Πu) Rydberg states. The vibrational profiles for














g )3ppiu(3Πu) in panel (b) are identical to those of the corre-
sponding ion1 and are used for all higher Rydberg states. The bold vertical
bars in both panels represent the energy positions and intensities of the higher
Rydberg states. The thin vertical bar in panel (a) and (b) illustrate the energy




u ) Rydberg excitation.
of this excitation, a number of narrow peaks caused by Rydberg
excitations are visible; in Fig. 2(a) they are indicated with verti-
cal bars labeled s1 to s5. In this energy region only the Rydberg









are expected based on theoretical predictions.6–8,17 For the




u ), Feifel et al.6 report calculated
vibrational splittings of 250 meV. Because of the calculated
intensities of Feifel et al.6 and Velkov et al.,17 the most intense





u ) excitation, while s5 is assumed to





The theoretical studies of Feifel et al.6 and Velkov
et al.17 predict an interaction between the dissociative final




u ) and the bound Rydberg final




u ). In particular, the calcula-
tions of Velkov et al. reproduce the experimental photoab-
sorption cross section very well. From these calculations the










i.e., it is an appropriate approach to start from the diabatic
curves and to consider the interaction between the states as a
small perturbation described with the operator Hel representing
the electrostatic interaction.24,25 This finding of Velkov et al. is
in full agreement with the first type of Rydberg-valence mixing
described above.
In the present case, a continuum of levels for the nuclear





interact with the discrete vibrational levels of the bound









u ) states are described in the fit anal-
ysis by using Fano lineshapes, which are described from the
general point of view in Ref. 26 and in the context of nuclear
motions in molecules in Ref. 27. Generally, a cross section




σa + σb (1)
with σa (σb) being the part of the continuum that interacts
(does not interact) with the discrete state. Here σa represents
the background of the fit analysis in the discussed energy
region; it is indicated by the dashed line below 540.5 eV in
Fig. 2(a) and matches well the cross section calculated in
the two-crossing model by Feifel et al.6 According to their
calculation the asymmetric lineshape is due to an avoided









u ), see above. To simulate this asym-
metric structure, two “asymmetric” Gaussian functions located
at 538.7 eV and 539.3 eV are employed in the fit approach.
The “asymmetric” Gaussian functions are obtained by using a
photon-energy dependent width ˜Γ, i.e., ˜Γ = ˜Γ0 + c · (E − E0)
with ˜Γ0 being a constant value, c the slope of the widths, E
the photon energy, and E0 the energy value for the maximum
of the Gaussian. Although ˜Γ and c are free parameters in the
fit approach the values are not given since they do not have
physical meaning. Furthermore,  = 2(E − ER)/Γ describes
the reduced energy with ER being the resonance position, Γ
the lifetime width, and q the Fano parameter. In the fit analysis
it was assumed that the sum of the two cross sections σa and





was also assumed that for a given vibrational substate the ratio
of σa to σb is independent of the excitation energy.
The five lines labeled s1 to s5 are partially overlapping.
Because of this, a fit analysis is not unambiguous, in particular
since the fit of an individual Fano-lineshape requires the four
parameters ER, Γ, σa, and q. To reduce the number of free
parameters, we assume in the data analysis identical widths
for all resonances. In addition, the energy positions of the first





u ) with ν = 0 to 3, are described using
the formula
Eν = E0 + ~ω(ν + 12). (2)
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TABLE I. Summary of the Fano parameters for the O 1sσ−1u (2,4
∑−
u )3sσg
(3∑−u ) transitions obtained from the fit analysis. The given error bars are the
statistical errors obtained within the fit model. All energies are additionally
subject to an error of 40 meV due to the calibration of the photon-energy scale.
Resonance energy (eV) Assignment q-parameter




u ) (ν = 0) −1.7(1)




u ) (ν = 1) 360(50)




u ) (ν = 2) 1.1(3)




u ) (ν = 3) 1.3(3)




u ) (ν = 0) −3.5(1.5)
Here, Eν describes the energy position of the vibrational sub-
state ν, E0 the minimum of the potential energy curve, and ~ω
the vibrational energy. In the fit analysis we also implemented
the anharmonicity x~ω. However, since this quantity turned
out to result in physically unreasonable values, it was set to
x~ω = 0 meV. The results of the fit analysis including the
statistical errors are given in Table I.
It is interesting to observe that the q-parameters vary sub-
stantially for the different vibrational substates. To understand
this we consider the excitation process in a simplified model
as presented in Fig. 3. The lower part of the figure shows a
harmonic oscillator curve representing the electronic ground
state (in the following labeled g) of O2 together with the wave-
function of the corresponding vibrational ground state, 0g.
The upper part of the figure displays the schematic diabatic





FIG. 3. Simple model to describe the variations of the Fano-parameter q




u ) excitation. The
bold solid line in the lower panel describes the schematic potential energy
curve of the ground state. The bold solid lines in the upper panel describe the
diabatic potential energy curves of the bound core-to-Rydberg excitation and
the dissociative core-to-valence excitation. The energy levels (thin horizontal
lines) and vibrational wavefunctions (dashed lines) are also shown. For more
details, see text.





(labeled c for continuum) using a harmonic oscillator poten-
tial and a straight line, respectively. For the ground state, a
vibrational energy of 200 meV, i.e., a value close to the exact
value of 195.9 meV,28 and for the excited state the present fit
result of 220 meV were assumed. The slope of the straight line
is taken from the potential energy curve calculated by Velkov
et al.17 Its position relative to the bound state was chosen so
that its internuclear distances at the energy value of the ν = 1
vibrational level is close to the node of the corresponding vibra-
tional wavefunction; in this way the large Fano-parameter for
this vibrational level can be explained, see below. As a con-
sequence of this choice the crossing point of the bound and
the dissociative potential energy curve is at an internuclear
distance which is by 0.015 Å larger than the equilibrium
distance of the bound state. This value agrees well with the
theoretical results of Feifel et al.6 and Velkov et al.17 The dif-
ference in the bond distance of the two bound states of +0.05 Å
is arbitrarily chosen and has no influence on the discussion
presented below. For the Rydberg state the four lowest vibra-
tional wavefunctions, 0b to 3b, are indicated. In this model the




〈Φb |µ|Φg〉〈χb | χg〉
〈Φc |µ|Φg〉〈χc | χg〉
1
〈Φb |Hel |Φc〉〈χb | χc〉 , (3)
with Φ and χ being the electronic and the vibrational wave
functions, respectively. The quantity µ represents the elec-
tronic dipole moment and Hel the operator for the electro-
static interaction between the bound and the continuum state,
see above. Since the electronic matrix elements of the dia-
batic states are identical for all vibrational substates, the
Fano-parameter q depends only on the Franck-Condon factors.
Within the Condon-reflection principle the vibrational
wavefunctions of the dissociative states can be approximated
with a δ-function at the classical turning point of the poten-
tial.30 Consequently, the observed lineshape for the disso-




u ) is a projection of the
vibrational wavefunction ν = 0g of the ground state into the
energy space by using the potential energy curve of the dis-
sociative state as a mirror, i.e., σdissociative(E) ∝ |〈χc | χg〉|2.
The matrix element 〈χc | χg〉 can be considered identical for
the energy positions of the different vibrational substates of





since they are all close to the top of the maximum of the spectral




u ) excitation. This
allows to simplify Equation (3) for a qualitative discussion to
q ∝
〈χb | χg〉
〈χb | χc〉 . (4)
The absolute values for the overlap matrix element of the vibra-
tional substates in the electronic ground state and in the bound
state, |〈χb | χg〉|, are for all observable vibrational levels in the
same order of magnitude since the intensity is proportional
|〈χb | χg〉|2, i.e., to the square of the overlap matrix element
which suppresses smaller values for the matrix element sig-
nificantly. As a consequence the strong variations of q are
mainly due to 〈χb | χc〉, i.e., q is small—and consequently
the mixing between the bound and the dissociative state is
large—when the matrix element 〈χb | χc〉 is large and vice
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versa. For the present case it means that the mixing between




u ) and the dissociative




u ) is maximal for the vibrational
substates ν = 2 and 3 due to the overlap of the vibrational
wavefunctions. In turn the large q for the vibrational substate
ν = 1 can be explained with a small overlap between the vibra-
tional wavefunctions |1b〉 and | χc〉, which can be explained
with the maximum of the continuum vibrational wavefunction
| χc〉 close to the node of |1b〉.
The variations of the signs of the q-values can also be
understood within this picture. The overlap between the wave-
function of the vibrational ground state of the electronic ground
state, |0g〉, and the vibrational wavefunctions of the Rydberg
state, |νb〉, i.e., 〈νb |0g〉, changes sign with each increment of the
vibrational quantum number νb. In the schematic situation dis-
played in the upper part of Fig. 3, 〈χc |νb〉 is positive for ν = 0,
1, and 3 but negative for ν = 2. As a result of Eq. (4) follows
that q has the same sign for ν = 1, 2, and 3 but a different
one for ν = 0. Note that this model does not provide the exact
sign of the q-values but only relative signs since (i) the elec-
tronic parts of the matrix elements in Eq. (3) and (ii) additional
phase factors for 0g and χc can lead to additional factors of−1;
these additional factors, however, influence all q-parameters
in the same way. In summary, the simple model describes
quantitatively the observed variations of the q-parameter and
show, in accordance with the expectation for the first type of
Rydberg-valence mixing, that a diabatic picture as well as
the utilized potential energy curves of the core-excited stats










2. The O 1sσ−1g Ryd excitations
The region above 540.5 eV is dominated by O 1sσ−1g (4
∑−
g )
npσu(3∑−u ) and O 1sσ−1u (4∑−u )ndσg(3∑−u ) Rydberg states,
which are enhanced in their intensity by an interaction due





u ).8,9 Both Velkov et al.17 and Feifel et al.6
calculated that the electronic interaction between O 1sσ−1g 3σ∗u
and O 1sσ−1u 3sσg is roughly one order of magnitude weaker
than between O 1sσ−1g 3σ∗u and O 1sσ−1g 3pσu. This can be
understood by the fact that in the first case we have the first
type of Rydberg-valence mixing described above while in the
second case we do have the second type. Following this argu-
ment, we expect that the electronic interaction between O
1sσ−1g 3σ∗u and O 1sσ−1u ndσg is also weak, since this is a type
1 interaction.
In addition to the states converging towards the threshold





u ) Rydberg states can be found. The
energy positions, E, the effective quantum numbers, n− δ, and
the quantum defects, δ, of the Rydberg states are summarized
in Table II. For the 3pσu Rydberg states, a quantum defect
of δ  0.7 and for the higher npσu Rydberg states of δ  1.0
are observed. For the ndσg Rydberg states the quantum defect
increases from δ = 0.22 for n = 3 to δ  0.6 for n = 5. Although
these values are slightly larger than those observed in the
O 1sσ−1 absorption spectra of CO and NO (less than 0.3),32
they are still in reasonable agreement and support the given
assignment.
In the following we shall first describe the principle ideas
used for the fit analysis of the vibrational progressions and
the background. The ideas are discussed in more detail further
below along with the individual spectral features.
All the Rydberg states are described with a Lorentzian
lineshape using a width of Γ = 150 meV full width at half max-
imum (FWHM) to account for the core-hole lifetime. These
lines are convoluted with a Gaussian of 40 meV FWHM to
describe the experimental resolution.
The strong avoided level crossing between the O 1sσ−1g
(4∑−g )3σ∗u(3∑−u ) excitation and the O 1sσ−1g (4∑−g )npσu(3∑−u )
excitations leads for the low-n Rydberg states to larger equi-
librium distances and higher vibrational energies than for
unperturbed Rydberg states. Because of this for these exci-
tations individual vibrational progressions are used; they are
described in more detail further below. For all other Ryd-
berg states the interaction is much weaker, so that the same
vibrational progression as found for the corresponding ion1
is employed. These vibrational progressions are displayed in
Figs. 2(a) and 2(b) and the differences are due to unequal
equilibrium distances in the O 1sσ−1(2,4∑−) core-ionized
states.
In the region of the resolved Rydberg states, the back-
ground represented by the dashed line is described with a linear
function. As can be seen by the decreasing intensity above
543 eV the unresolved Rydberg states and the contin-





u ) state. To describe this behavior the
background also consists of a constant value, C, representing
the increase of the O 1s−1 photoionization cross section well





The decrease of the cross section above 543 eV is described
by a broad Gaussian function, G(E), centered at 543.6 eV.
To describe the transition from the resolved to the unresolved
Rydberg states the constant background and the Gaussian are















· (G(E) + C). (5)
Here, e runs over the ionization thresholds (2∑−) and (4∑−)
and ν indicates the different vibrational levels. The quan-
tities Eeν and Ieν are the energy position and the relative
intensity in the vibrational progression of the ν’th vibrational
level of the first unresolved Rydberg state converging to the
threshold e.
The above already discussed larger equilibrium distance




u ) state in comparison to the
higher-n Rydberg states can be seen in the long vibrational
progression, which is assigned unambiguously by several
authors.8–10 A Franck-Condon fit analysis32 of this state is not
possible since the avoided level crossing results in a depen-
dence of the electronic matrix element on the internuclear
distance. Because of this we approximated the vibrational
progression by using a Franck-Condon analysis, where the
higher substates were suppressed empirically by the factor
f = 1+ a·ν + b·ν2 with a =−0.181 and b = 0.015. Furthermore,
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TABLE II. The energy positions, E, the effective quantum numbers, n − δ, as well as the splitting, ∆E, of the
Rydberg states in the 0◦ spectrum converging to the thresholds 2∑− and 4∑−. The error bars for the ionization
thresholds result from fitting the energy positions to the Rydberg formula. All energies are additionally subject to
an error of 40 meV due to the calibration of the photon-energy scale.
4∑− 2∑−
Rydberg state E n − δ δ E n − δ δ ∆E
3sσg 539.00 1.77(1) 1.23(1) 540.00 1.77(1) 1.23(1) 1.00
3pσu 540.67 2.27(2) 0.73(2) 541.75 2.28(2) 0.72(2) 1.08
3dσg 541.58 2.80(2) 0.20(2)
4pσu 541.81 3.00(3) 1.00(3) 542.81 2.92(3) 1.08(2) 1.00
4dσg 542.27 3.60(5) 0.40(5) 543.20 3.42(4) 0.58(4) 0.93
5pσu 542.50 4.07(7) 0.93(7) 543.41 3.78(6) 1.22(6) 0.91
5dσg 542.61 4.38(10) 0.62(10) 543.63 4.31(9) 0.69(9) 1.02
6pσu 542.72 4.76(13) 1.24(13) 543.82 5.01(15) 0.99(15) 1.10
7pσu 542.89 5.62(22) 1.38(22)
Ip 543.32(3) 544.36(3)
we suppressed the vibrational substates with ν ≥ 5 completely
since the constant ionic state (CIS) spectra of Piancastelli









u ) do not overlap. In particular,
the CIS spectrum using the final state 1pi−1g of O+2 showed










identical to the baseline.





tion allows to describe the intensities of the first five vibrational
substates quite well and results in an equilibrium distance
Re = 1.32 Å and ~ω = 237 meV; the equilibrium distance
is mainly based on the ν = 0 to ν = 1 intensity ratio and
the assumption that the electronic matrix element does not
show a strong dependence on the internuclear distance close
to the minimum of the potential energy curve. The equilibrium
distance obtained with the present rough approach agrees sur-
prisingly well with the theoretical value Re,th  1.30 Å reported
by Feifel et al.6 and Velkov et al.17 The significantly higher
value for the vibrational energy than for the corresponding
core-ionized state of ~ω = 180 meV can readily be under-
stood since the avoided level crossing replaces the inner part




u ) Rydberg state




u ) state; the
latter one is shifted towards slightly larger internuclear dis-
tances and explains the larger equilibrium distance. In contrast
to this remains the potential energy curve at internuclear dis-
tances larger than the equilibrium distance not affected by the
avoided level crossing so that the entire potential energy curve
becomes narrower.





u ) with ν = 0, in contrast to the assign-




u ) with ν = 5 of Tanaka et al.10
As described above, we simulated in our fit analysis the vibra-




u ) state with
the progression of the O 1sσ−1(4∑−) core ionized state. In
addition to the good description of the spectrum within the fit
approach the present assignment is supported by the following
facts: First, the resulting quantum defect δ = 0.20 is in per-
fect agreement with the value δ = 0.22 for the O 1sσ−13dσ
excitation of CO.32 In contrast to this, the assignment of the




u ) state as
given by Tanaka et al.10 results in δ = 1.4, i.e., a value
much larger than expected for ndσg Rydberg states. Sec-
ond, as also described above there is a well pronounced









u ) in the CIS spectra of Piancastelli





u ) state to the Rydberg states. Con-
sequently, an assignment of the peak at 541.58 eV




u ) state with only minor admix-




u ) state can explain the
observed minimum between the states O 1sσ−1g (4
∑−
g )3pσu
(3∑−u ) and O 1sσ−1g (4∑−g )4pσu(3∑−u ). Third, a fit approach
that tries to describe not only the peaks between
540.57 eV and 541.45 eV (ν = 1–4) but also the peak at
541.58 eV (presumed ν = 5) as one vibrational progression
failed since the energy position of the peak presumed as
ν = 5 does not fit in a vibrational progression described with
E = E0 + ~ω(ν + 0.5) − x~ω(ν + 0.5)2.
The vibrational sublevel ν = 0 of the next transition of





is found at an excitation energy of 541.81 eV. The intensi-
ties of the higher vibrational substates in the progression of
this Rydberg state are considerably lower than for the above




u ). They are, however,
still higher than for the O 1sσ−1(4∑−) core-ionized state so





u ) state. The assignment of the vibrational
sublevels ν = 0 and 1 of this vibrational progression is fully
confirmed by Sorensen et al.12 using resonant Auger spec-





valence state does not allow to apply a Franck-Condon analysis
strictly, we estimated by using the above described assump-
tion on the electronic matrix element from the ν = 0 to ν = 1
intensity ratio an equilibrium distance of Re  1.27 Å as well
as a vibrational energy of ~ω = 219(5) meV. The smaller
equilibrium distance and lower vibrational energy than for




u ) state can easily be explained
by the repulsive part of the potential energy curve. This part
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state; the latter potential energy curve, however, is at smaller
internuclear distances due to the higher energy. The higher
vibrational substates (ν ≥ 2) are simulated by assuming that
the Born-Oppenheimer approximation is valid and serves as
an approximation of their contributions to the spectrum.
The peak at 542.27 eV is assigned to the O 1sσ−1u (4
∑−
u )





u ) excitation with ν = 2, see Fig. 2(a).
Although the present fit analysis gives only approximate





u ) excitation, we can conclude that
the vibrational substates (ν = 2) explain a considerable part
of the intensity of the peak under discussion. This also
explains the observation of npσu Rydberg contributions in
the resonant Auger spectra taken for this peak.10 Based
on the resonant Auger spectra Tanaka et al.10 assigned the



















u ) excitation have an unger-
ade symmetry of the total wavefunction and can, in principle,
mix. However, they differ by two orbitals so that the mixing
of these two Rydberg states is analogous to the first type of
Rydberg-valence mixing, which is very weak. In the present
case the potential energy curves of the excited states are well
separated by about two vibrational quanta. Furthermore, two
Rydberg orbitals are spatially more extended and overlap
less than a Rydberg orbital with a valence orbital. Because
of this we expect that mixing between these states is much
smaller than in case of Rydberg-valence mixing and, therefore,
negligible.
As already discussed above, within our fit analysis




u ) Rydberg state, as well as all
higher Rydberg states converging to the O 1sσ−1(4∑−) ion-


















u ), are simulated using the same vibra-
tional progression as observed for the core-ionized state. Since
the simulated vibrational progressions describe the spectrum
well, we assume that the corresponding states have only small




u ) state. As a conse-
quence, the influence of the admixing on the vibrational pro-
gression can be neglected. There is, however, still the already
described influence on the intensity as can be seen by the back-
ground above 543 eV, which describes the unresolved higher
Rydberg states as well as the ionization continuum. The back-
ground decreases continuously from 543 eV to 545 eV in full
agreement with the theoretical absorption spectrum in the dia-






Since the interaction between the O 1sσ−1(2∑−)Ryd(3∑−u )




u ) state is expected to
be very small,17 the intensity of these Rydberg excitations
is smaller than for the O 1sσ−1(4∑−)Ryd(3∑−u ) states. With
the same argument the vibrational progressions of all O
1sσ−1(2∑−)Ryd(3∑−u ) states can be simulated using those
observed for the core ionized state.1 In this way, we found
between the observed O 1sσ−1(2∑−)Ryd(3∑−u ) excitations and
the corresponding O 1sσ−1(4∑−)Ryd(3∑−u ) states energy split-
tings that are close to the value of  1.04 eV observed for the
photoionization thresholds, see Table II.




u ) with ν = 0




u ) with ν = 0 overlap almost per-
fectly according to the present fit analysis, so that there is no
obvious indication for such an assignment. However, there are
three arguments which support the present fit result. First, a
closer inspection of the peak at 541.8 eV shows that it is
broader than those peaks which are predominantly assigned to
individual transitions. Second, both Feifel et al.6 and Velkov





u ) transition due to an interaction with




u ) state. Third, the resonant Auger
spectrum of Tanaka et al.10 taken at 541.80 eV shows rather
strong contributions of transitions to 3pσu final states. These
contributions would require an unexpected strong shake-down
effect in the resonant Auger decay if the peak at 541.8 eV was




u ) state with ν = 0 alone.
B. The 90◦ spectrum
Fig. 2(b) shows the 90◦ spectrum including the fit result,
which is represented by the solid lines through the data points.
The fit is performed in a similar way to the 0◦ spectrum, i.e., the
vibrational progressions used to describe the Rydberg states
are identical to those of the corresponding ion. The background
consists of a linear part, two broad Gaussians to describe the
O 1sσ−1g 3σ∗u(3
∑−
u ) state and a number of arctan-functions to
describe the unresolved Rydberg states and the continuum.
In addition, several weak Lorentzian lineshapes are included
in the spectrum. Their energy positions are identical to the
most intense lines in the 0◦ spectrum and we assume that their
origin is mostly due to a finite acceptance angle of the ion
detectors.
It is expected that the 90◦ spectrum has a simpler structure
than the 0◦ spectrum since based on the assumption that the
projection of the orbital angular momentum on the molecu-
lar axis, Λ, is a good quantum number only excitations into
orbitals withΠ symmetry are expected, see above. These selec-
tion rules for the photoabsorption are in the present angularly
resolved ion-yield technique only applicable if the axial recoil
approximation is valid, i.e., the molecule does not rotate on
the time scale of dissociation. However, breakdown of the
axial recoil approximation has been found, e.g., for the angular
distribution of ionic fragments from some of the Auger final
states of CO.33,34 It has been explained with the metastable
dicationic states that hold a vibrational structure and lead to
delayed dissociation.
Although the selection rules of Λ explain most of the
intensity visible in this spectrum of O2, we shall show in the
following that they are not strictly valid for the 90◦ spectrum
due to a partial breakdown of the axial recoil approximation.
This can be, for example, expected for some of the resonant
Auger final states that hold vibrational structure13 populated
via the O 1sσ−1g 3σ∗u excitation. Moreover, van der Kampen
et al.35 reported some n = 3, 4 Rydberg states in O+2 , i.e., the
most likely final states of the resonant Auger decay of core-to-
Rydberg excitations which are metastable as well. Finally, the
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kinetic energy release spectrum of O2+2 shows very rich vibra-
tional structures;36 the latter states posses potential energy
curves similar to those of the n = 3, 4 Rydberg states in O+2 .
In summary, there is significant evidence for metastable final
states in the resonant Auger decay of O2 so that the axial-
recoil approximation is not valid subsequent to some of the
resonant Auger transitions. Since the present measurements
are a summation over all resonant Auger transitions, it can be
understood that the election rules for Λ are not strictly valid
as well.
The breakdown of the axial-recoil approximation and as
a consequence the not strictly applicable selection rules for
Λ can, e.g., be seen by the observation of the broad spec-
tral feature assigned to the O 1sσ−1g 3σ∗u(3
∑−
u ) core-to-valence
excitation. It has a considerable contribution to the spectrum
(about 10% of the intensity in the 0◦ spectrum), which is
in contradiction to selection rules based on Λ. This broad
feature is also present in the angularly resolved spectra of
previous studies9,10 but has never drawn attention. Because
of the following reasons, we can rule out that a large accep-
tance angle of the ion detector or incomplete polarization is
responsible for this finding: (i) The vibrational substates ν = 0









u ), which are the most intense peaks in
the 0◦ spectrum (see above), vanish almost completely in the
90◦ spectrum; their contributions lead to very weak narrow
structures included in the background, see dashed line. (ii)
The lineshape of the O 1sσ−1g 3σ∗u(3
∑−
u ) resonance is different
in the 0◦ and in the 90◦ spectrum. Actually, the shape of the
O 1sσ−1g 3σ∗u(3
∑−
u ) in the 0◦ spectrum matches quite well the





Velkov et al. (red line in Fig. 3 of Ref. 17) while its shape in
the 90◦ spectrum matches much better the calculated doublet




u ) (green line in Fig. 3 of
Ref. 17).
For a detailed understanding of the resonances, a fit anal-
ysis of the spectrum was performed. Fits for the narrow
structure at 540.23 eV assigned to O 1sσ−1g (4
∑−
g )3ppiu(3Πu),
see below, are not satisfactory if only one single Lorentzian
lineshape is applied. Instead, good results can be obtained
with two different fit approaches. In the first approach, a
Fano-lineshape with a q-parameter of 16(5) is used. This
approach would indicate an interaction of a discrete state
with a continuum state, and it would suggest an interaction
of the bound O 1sσ−1g (4
∑−





u ) core-to-valence excitation, which is
the only dissociative state in this energy region. However, such
a mixing of states with different Λ would require a spin-orbit
interaction which is known to be very small in O238 so this
explanation is rather doubtful. In the second approach an addi-
tional vibrational progression of low intensity is fitted in the
energy region below the spectral feature at 540.23 eV. This
results in an excitation energy of 540.00 eV for the additional





is also present in the 90◦ spectrum due to a violation of the
axial-recoil approximation.





observed at 539.00 eV a weak Fano-lineshape which is




u)(ν = 0) state. Obvi-
ously for both the O 1sσ−1u 3sσg and the O 1sσ−1g 3σ∗u config-
uration the (2∑−) component is in the 90◦ spectrum stronger
than the (4∑−) component. This suggests that the resonant
Auger decays of the (2∑−) components lead to a stronger pop-
ulation of final states which allow rotation of the molecule
prior to dissociation. At least for the O 1s−1 Rydberg state this
behavior can be understood qualitatively by different equilib-
rium distances of the components (4∑−) and (2∑−), see above,
so that different vibrational levels of the final states are popu-
lated. Such differences in the population of vibrational levels
were shown in detail for the O 1s−1(4∑−) and O 1s−1(2∑−)
core-ionized states by Arion et al.37
In the fit approaches the O 1sσ−1g (4
∑−
g )3ppiu (3Πu) Ryd-
berg state at 540.23 eV has been described successfully with
a vibrational progression similar to that of the corresponding
ion. Because of this we simulated the vibrational progressions
of the Rydberg states converging towards the O 1sσ−1(4∑−)
and O 1sσ−1(2∑−) ionization thresholds on the basis of the
corresponding equilibrium distances and vibrational energies
TABLE III. The energy positions, E, the effective quantum numbers, n−δ, as well as the splitting,∆E, of Rydberg
states in the 90◦ spectrum converging to the thresholds 2∑− and 4∑−. The error bars for the ionization thresholds
result from fitting the energy positions to the Rydberg formula. All energies are additionally subject to an error of
40 meV due to the calibration of the photon-energy scale.
4∑− 2∑−
Rydberg state E n − δ δ E n − δ δ ∆E
3ppiu 540.23 2.10(1) 0.90(1) 541.16 2.06(1) 0.94(1) 0.93
A 541.36 2.63(2) 0.37(2) 542.45 2.67(2) 0.33(2) 1.09
A′(n = 3) 541.62 2.83(3) 0.17(3) 542.65 2.82(3) 0.18(3) 1.03
A′(n = 4) 541.62 1.83(3) 1.17(3) 542.65 1.82(3) 1.18(3) 1.03
4ppiu 542.02 3.23(4) 0.77(4) 542.97 3.13(4) 0.87(4) 0.95
B 542.17 3.44(5) 0.56(5) 543.19 3.41(4) 0.59(4) 1.02
B′(n = 4) 542.33 3.71(6) 0.29(6) 543.44 3.84(7) 0.16(7) 1.11
B′(n = 5) 542.33 2.71(6) 1.29(6) 543.44 2.84(7) 1.16(7) 1.11
5ppiu 542.52 4.12(8) 0.88(8) 543.70 4.54(11) 0.46(11) 1.18
6ppiu 542.86 5.43(20) 0.57(20) 543.90 5.43(20) 0.57(20) 1.04
Ip 543.32(3) 544.36(3)
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for the core ionized states given by Sorensen et al.1 In this
way an excellent description of the experimental spectrum was
obtained using eight pairs of states, all with a splitting close to
1.04 eV, i.e., close to the splitting between the two ionization
thresholds O 1sσ−1(4∑−) and O 1sσ−1(2∑−). The fit results
of these eight pairs of states including the energy positions
and quantum defects δ are summarized in Table III. Using Ip
= 543.30(3) eV for the O 1sσ−1(4∑−) ionization threshold as
obtained from fits of the Rydberg series npσ and ndσ in the
0◦ spectrum, see below, the states can be assigned to three
different series.
Based on the assumption that Λ is a good quantum
number, only series with Π-symmetry, namely O 1sσ−1g nppiu,
O 1sσ−1u ndpig, O 1sσ−1g nf piu and so on are expected to con-
verge towards each of the two ionization thresholds O
1sσ−1(4∑−) and O 1sσ−1(2∑−). The series nppiu can read-
ily be assigned based on its quantum defect δ  0.9; this
assignment has been fully confirmed by resonant Auger spec-
tra.10 The assignment of the remaining two series is more
difficult.
The series O 1sσ−1nf pi is expected to be weak and has not
been observed in the photoabsorption spectra below the 1sσ
ionization threshold of other molecules like CO or NO.9,32,39,40
In addition, an assignment of one of these series to the nf piu
Rydberg series would result in a quantum defect δ  1.2−1.4,
which is in contradiction to the expectation of a quantum
defect close to 0. Because of this, an assignment of one of
the series to nf piu is not convincing. Kosugi et al.7 pointed
out that there are two additional states in a configuration
O 1sσ−11pi∗2nlpi1 which have 3Π symmetry, namely those
where the 2 electrons in the open valence shell 1pi∗ couple to
1∆g and a 1
∑+
g . However, Kosugi et al.7 also pointed out that
their configuration mixing with the two dipole allowed states
1sσ−1(4,2∑−)1pi∗2(3∑−)nlpi1(3Π) is very small, resulting in
no transition probability. Based on these arguments only the
O 1sσ−1u (4,2
∑−)1pi∗2(3∑−)ndpig(3Π) series are expected in the
spectrum, contrary to the observation of two different series.
Since the following discussion will not result into a unambigu-
ous assignment, we label the two pairs of states lower in energy
to A and A′ as well as those higher in energy to B and B′.
Based on the above discussed breakdown of the axial-
recoil approximation the series ndσg and nsσg can contribute
to the 90◦ spectrum. For the latter series the states with n ≥ 4
are not observed in the 0◦ spectrum, but they might only be
masked by the much more intense series npσu and ndσg. In
the following we shall first discuss an assignment based on
the series ndpiu and nsσg followed by an assignment based on
ndpiu and ndσg.
In an approach based on the series ndpiu and nsσg,
A′ can be assigned to O 1sσ−1u 4sσg(3
∑−
u ) and B′ to O
1sσ−1u 5sσg(3
∑−
u ), both with a quantum defect of δ  1.2, i.e.,
a value very close to that observed for O 1sσ−1u 3sσg(3
∑−
u ). As
a consequence A and B would form the expected series ndpig
with n = 3,4. This approach to the assignment is, however, not
conclusive since it is based on states nsσg that are too weak to
be observed in the 0◦ spectrum.
An assignment based on the series ndpiu and ndσg has
to take into account the energy positions of the energy posi-
tions of the latter series obtained in the 0◦ spectrum. The state
(4∑−)A′ observed at 541.62 eV coincides within the error bars




u ) state observed in the 0◦
spectrum at 541.58 eV. The same holds for the state (2∑−)B at





state at 543.20 eV in the 0◦ spectrum. Following the assign-
ment one results with increasing energy in the sequence 3dpid
(A) followed by 3dσg (A′) and in 4dσg (B) by 4dpiu (B′), i.e.,
a change in the dpiu/dσg order. In addition to the change in
the sequence this assignment leads also to a energy difference
of 100 meV between the O 1sσ−1u (4
∑−
u )4dσg in the 0◦ and the
90◦ spectrum. Because of these observations the assignment
is also not conclusive.
Moreover, for both discussed assignments the violation of
the axial-recoil approximation is equally strong for the dou-
blet and the quartet component of each configuration since
they show similar intensity in the spectra. This would be dif-
ferent from the findings for the configurations O 1sσ−1u 3sσg
and O 1sσ−1g 3σ∗u, see above, so that the results do not give
a completely uniform picture, i.e., a final assignment of
the states A, A′, B, and B′ cannot be given in the present
work.
Interestingly, a significant breakdown of the axial-recoil
approximation occurs only for the nsσg and the ndσg Rydberg
series. Contrary to this the most intense Rydberg series npσu
contributes only with very weak structures in the 90◦ spectrum.
This suggests that the decay pathways for the various Rydberg
series are significantly different.
Finally we want to point out that it is not surprising that
the absence of states with ∑-symmetry in the 0◦ spectrum can
be explained with the larger photoabsorption cross section for
the ∑-states, see intensity scale in Fig. 2, masking possible
weak contributions.
III. SUMMARY AND CONCLUSIONS
The photoabsorption spectrum of O2 below the O 1sσ−1
threshold has been reanalyzed by using a sophisticated fit
approach. In the ion-yield spectrum measured at 0◦ spectrum,
Fano-lineshapes were observed for different vibrational sub-




u ) excitation indicating




u ) state. The
different vibrational substates exhibit a strong variation of
the Fano-parameter q, which is explained qualitatively with
a simple model.
The presence of the states with ∑-symmetry belong-
ing to the configurations O 1sσ−1g 3σ∗u, O 1sσ−1u nsσg, and O
1sσ−1u ndσg in the O 1sσ−1 partial ion-yield spectrum at 90◦
shows that the selection rules for the orbital angular momen-
tumΛ are not strictly valid. This is explained with a breakdown
of the axial-recoil approximation due to resonant Auger decays
to metastable final states which allow the molecule to rotate
prior to dissociation. We would like to point out that other
diatomic molecules formed by second-row elements like CO,
NO, and N2 posses as well metastable final states that are pop-
ulated in the resonant Auger decay, so that the prerequisite
for a breakdown of the axial-recoil approximation is given.
However, contrary to O2 the corresponding partial ion-yield
spectra exhibit only transitions that can be explained with the
selection rules for Λ.9
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